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NE INTENDED PURPOSE of a negative G strap
1s to prevent “._Lmannmng” or movement of
the torso under the lap belt during forward-facing
{—Gx) mpact accelerations By tethering the iap belt
to the forward portion of the scat, the negative G
or crotch strap prevents the lap belt from riding up
and over the antenor supenior thac spines, pressing
agamnst the abdomen and causing senous internal
mjury At the Air Force Aerospace Medical Rescarch
Laboratory (AFAMRL), complete transection of the
rectus abdominus muscles and hepatic laceration have
occurred in anesthetized baboon subjects as the result
of submanning dunrg high-acceleration —Gx impacts
(unpublished data) In the operational setting, such
accelerations experienced by aircrew members dunng
aircraft crashes or duning the acrodynamic deceleration
immediately following emergency ejections may produce
similar injury patterns.

The uscfulness of crotch straps as anti-submarining
devices was recogmzed by Stapp (21), who con-
ducted —Gx mmpact expeniments with human subjects
restramned by hamness configurations with and without
antisubmarining straps  The high-acceleration tests in
that study most frequently cited used two crotch straps,
each attached to an adjacent rear corner of the seat and
to the lap belt buckie to form an inverted-V When these
straps were not incorporated into the restraint harness,
submanming was noted in some cases Stapp reported
that “the forward motion of the shoulders during impact
applics traction to the shoulder straps. raising the lap
belt, permiting the fower halt of the body to begin
bending around st The upper edge of the belt lodges
agamnst the lower margins of the nbs and agamst the
upper abdomen.™

The second purpose of a negative G strap is to
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provide better mechamcal coupling between tiie <eat
and 1ts occupant during low-frequency flight vibrations,
sustamed —G: acceleration maneuvers, and adverse
aircraft motions which may occur if the aircraft departs
from controlled flight This function of the tie-down
strap ts obviously more important than its role as an anti-
submarining device since sustained —G: accelerations
causing the aircrew member to become “hght™ n
the seat may be frequently encountered in day-to-day
flight operations Inadequate —G: restraint degrades
ability to control the aircraft (1,15,18), causes helmet-
canopy contact (14,15), impairs abinty to eject in some
arcumstances (1,18), and predisposes to injury during
ejection (5,15,18). Loss of aircraft and death of aircrew
members have been attnbuted to the inadequate —G:
restraint provided by the United States Navy MA-
2 integrated torso harness (1) Recently, a USAF
RF-4 pilot suffered a cervical vertebral fracture and
transient paralysis as a result of —Grinduced helmet-
canopy contact and cervical flexion during a subsequent
+G: manenver (19). The crewmember has a residual
neurologic deficit due to this inaident

Despite the ancedotal evidence and widespread
support among the aeromedical community for use
of a negative G strap, an adequate expenmental
basis for recommending negative G strap incorporation
mto speafic USAF restramnt systems was lacking
Therefore, AFAMRL m conjunction with the Life
Support System Program Office of the Aeronautical
Systems Division imtiated an investigation of the
feasibility and effectiveness of adding a crotch strap to
the PCU-15/P torso harness and .ap belt, which 1s used
m aircraft equipped with the ACES H ejection seat
such as the A-10, F-15, F-16, B-1B, and T-46A. The
research effort addressed one aspect of an ACES Il
restraint modification program undertaken in resporse
10 a statement of operational need by the USAF Tactical
Air Command for improved restraint dunng sustained
—G: acceleration, out-of-control fight condtions, and
emergency escape

The pnmary objective of the present study was to
evaluate human response to forward-facing (—Gs) and
vertical (+G:) impacts 1n operational USAF restraint
systems with and without a negative G strap Secondary
objectives included companng human impact response
1n the PCU-15/P torso harness and lap belt arrangement
to such response 1 a conventional double shouider strap
and lap belt configuration and establishing performance
baseline data for use in gmding the develop of new

METHODS

A controlled impact expenment using volunteer
subjects was designed to meet these objectives The
test conditions investigated are summanzed n Table
I Testing was accomphshed in two phases  Furst,
test conditions A, B, C, and D were completed on
the AFAMRL Hornizontal Impulse Accelerator (HIA)
Then, test conditions E, F, G, and H were performed
on the AFAMRL Vertical Deceleration Tower (VDT)
Expenmental exposures of subjects duning each phase
of testing ~ere randomized

Parametnc analysis of matched test conditions per-
mtted the identification of response differences result-
ng from a single controlied vanable, such as negative G
strap or restraint harness configuration Eight separate
compansons among the test conditions were performed
These were grouped into four companson sets {Table
1) n order to simplify the prescntation and discussion
of test results.

The volunteer subjects (20 men, 1 woman) were
active-duty officers and enlisted personnel at Wnght-
Patterson Air Force Base. Prnor to participation,
subjects were requred to meet stature, weight, and
sitting height cntena for USAF pilots and to complete
a medical screening more ngorous than the USAF
Flying Class II evaluation (6) The selection method,
therefore, was designed to yield a subject sample
comparable to the USAF flying population in terms
of age and anthropometry, but supranormal in terms
of susccpuibility to impact mjury Charactenstics of
the subject sample (means and standard deviations) are
summarized as follows: age, 25.9 * 39 years; weight,
76.2 + 9 8 kg; height 175 = 7.2 cm, situng height, 92.7
*+34cm

To minimize the potential for injury to subjects,
the tests were conducted at presumed subinjury impact
acceleration levels. In order to familiarize subjects with
the test proced and equir orientation impacts
were performed prior to experimental-level exposures.
For the forward-facing or horizontal test phase, 6-G
peak (67 m - s ') and 8-G peak (7.9 m - s') mpact
levels were chosen for subject orientation, and the
expenmental exposure level was 10-G peak (9.1m-s ')
For the vertical test phase, the orientation exposure
was 8-G peak (7.0 m - s™') and the expenmental
exposures were performed at 19-G peak (79 m -s™').
All acceleration profiles were approximate half-sine

forms. The apphed forces at the higher test levels

and improved restraint systems for advanced tactical
fighter aircraft

were generally sufficient to overcome the forces of
voluntary muscle contraction and. therefore, produced

TABLE I EXPERIMENTAL CONDITIONS

TEST CONDITION

DESIGNATION A B C D E F G H
TEST PHASE H 1 i H }  Vertial Vertcal Vertical Vertical
RESTRAINT SYSTEM PCU-15P PCU-1S/F Convemnonal Cnmcnuonai PCU-15P PCU-15/P Conventional Conventiona!
NEGATIVE G STRAP  Absent Present Absent Present Absent Present Absent Present

Horzontal (-G} impacts were conducted on AFAMRL Impulse Acceleator
Vertical (+Gz) ympacts were performed on AFAMRL Verucal Deceleration Tower
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TABLE I COMPARISONS OF MATCHED TEST CONDITIONS

NEGATIVE G STRAP EFFECTS
Without _vs  With

Honzontal (-Gx) Tests A (=14 B
C (=18 D

Vemcal (+ Gz) Tests E (@=1) F
G im=15 H

RESTRAINT HARNESS EFFECTS

PCU-15/P vs Conventional

Honzontal (-Gx}Tests A (=15 C
B (n=1#) D

Vertical (+ Gz) Tests E @w=1 G
F (@m=16) H

n = number of matched pairs (same subjects tested in both expen-
mental conditions)

a subject response suitable for comparative parametric
analysis

The accelerator facility used for the horizontal test
phase was the AFAMRL HIA (20) which operates on
the pnnciple of differential gas pressure  In order to

maintamn constant impact test conditions, the pretest

Fig. 1. PCU-15/P torso b
in fest conditions A ond E.

chamber pressures of the HIA actuator were identical
for all expenmental-level exposures The AFAMRL
VDT was used to perform the impacts 1n the vertical test
phase The impact carnage of this faciity moved along
vertical rails and supported the test fixture, seat, and
restraint system The carnage was elevated to a drop
height of 3.35 m and allowed to free fall onto a hydraulic
decelerator to produce the desired acceleration profile
The carriage drop height, the mass of the test fixture,
and the impact plunger were the same for all vertical
tests to assure nearly identical impact conditions from
test to test

The PCU-15/P torso/parachute hamess (formerly
known as the PCU-2/P) was used by most male subjects
duning both phases of the test program (Fig. 1). The
smailer male subjects and the female subject used the
smaller size but otherwise identical PCU-16/P torso
harmness. The shoulder straps, attached to the parachute
nser and restraint fitings (Koch Part No  015-12231-
3) of the PCU-15/P harness, consisted of 4.5-cm wide
type I polyester webbing (MIL-W-25361) The lap
belt used with the PCU-15/P torso harness was an
HBU configuration consisting of 4.5-cm wide type III
polyester webbing

The second harness, used as a control or standard of
comparison, was a conventional USAF double shoulder
strap and lap belit configuration (Fig. 2) The shoulder

fig. 22 C ional double should

and belt
wﬁgurmiontudinmumdiﬁmCandG’.m e
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straps of this restramt were an adjustable type MB-
6 hamess constructed of 4.5-cm wide type I polyester
webbing, and the lap belt was an HBU configuration
constructed of 4.5-cm wide type XIII nylon webbing
(MIL-W-4088H) The lap belt of ecach harness was
anchored at two Iocations, while the shoulder straps
were anchored at a single location on the aft bulkhzad
of the test fixture.

The negative G strap (USAF Part No 45402-0101649-
01), added to the restraint harnesses in some test
conditions (Fig. 3 and 4), consisted of 4 5-cm wide type
I polyester webbing In order to accommodate the
added negative G strap, a modified type MA-1 harness
buckle was used with each lap belt durning all tests
the senes The crotch strap was anchored at a goint
38.1 cm forward of the seat reference axis This position
corresponds to the distance from the seat reference axis
to the center of the forward edge of the ACES 1I survival
kit id and 1s consistent with accepted guidance (4)

The length of the negative G strap used was selected
n a static evaluation of several straps of different
lengths Subjects representative of the range of subject
anthropometry 1n this study participated in the static
evaluation The negative G strap chosen 1n each test
phase best fulfilled the intended purpose of the strap,
1¢, tethening the lap belt to the forward portion of the

Rg. 3. PCU-15/P torss horness and lap belt configuration with
an added negative G strop used in test conditions B ond F.
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seat. For the honzontal tests, the negative G strap was
25.4 cm 1n length; for the vertical tests, the negative G
strap was 21 9 cm mn length. The difference in these
lengths was because the seat pan was inchined 6° from
horizontal during the forward-facing test phase, but it
was not inchned during the vertical test phase

Each subject was properly fitted with the PCU-15/P
(or PCU-16/P) torso/parachute harness. In particular,
the leg straps were adjusted in accordance with the
hamess technical order so that, when snug, the subject
<onld not assume the fully upnght standing position
After the subject was seated on the test fixture, the
lap belt and shoulder straps were pretensioned to 89 =
22 N, measured by load cells at the three attachment
fittngs The tension of the fixed-length negauve G
strap could not be adjusted Subjects were instructed to
assume dentical preimpact body posttions prior to cach
test 1n the senes, with head against the headrest while
maintaining a mild-to-moderate amount of pcstenor
cervical muscle tension and with arms resting on antenor
thighs Subjects wore HGU-26/P flight helmets dunng
the vertical tests, but not during the forward-facing tests
to reduce the ltkelihood of cervical muscle strain

The test fixtures, restraint harnesses, and subjects
were instrumented to obtain perunent data dunng
each experiment.  Measured parameters included

) dovble should

strop ond lap belt
configuration with an added negative G strap used in fest
conditions D and H

Fg. 4 C
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acceleration of the test vehicle and seat, velocity of the

These 1solated card:ac conduction disturbances were

test platform, seat loads, and loads ed at the
restraint harness attachment ponts  Accelerations at
the head and chest of the subjects were measured by
tnaxial translational accelerometers Photogrammetnc
data were obtained by two h:gh-speed motion picture
cameras mounted on the test fixture, permitting

of body displacements dunng the
mpact The left-handed coordinate reference system
for acceleration (+X antenor, +Z cephalad) was used
duning data analysis.

Electronic and photogrammetnc data were processed
by computer. The Wilcoxon paired-replicate rank
test (23) was selected to compare the peak values of

ed par s and to bhish the statistical
significance of observed trends in the data  This
analytical approach established each subject as his own
control and thereby reduced the effects of biological
vanability among subjects The 95% confidence level,
assuming a two-tailed test, was chosen as the level of
statistical sigmificance for analysts of the electromc data.
The more hberal 90% confidence level was selected for
rejection of the null hypothesis m the photogrammetric
data analysis due to the greater vanance in these data
compared to the electronic data

EVALUATION CRITERIA

The evaluauon cntena for this study were based on
the fundamental princtples of biomechanicat protection
In general, injuries resulting from impact accelerations
are due to differential acceleration of body segments
or parts and excessive mnternal structural loading. In
particular, human tolerance to +G: impacts appears
to be limted by vertebral compression fracture
Therefore, 1t 1s most important duning verticai impact
to mimmize resuitant seat load since this load indirectly
reflects axial loading of the vertebral column Of
secondary mmportance during vertical impact ts that
head and chest accelerations be mmmimized because
the accelerative forces acting on these body segments
may producc bending and, therefore, reduce the load-
carrying capability of the vertebral column

Dunng the vertical free fall preceding impact on
the drop tower facility, a near zero-G environment 1s
established, causing the subject to become “hght” m the
seat Resultant scat load was used dunng this period
as an ndicator of the degree of man-seat couphng
We assumed that the higher the seat load the better
the man-seat couphing dunng free fall. Thus, resultant
free-fall and impact seat loads and resultant head and
chest accelerations were considered cntical response
parameters during the vertical tes' phase.

The mechanism of injury himiting human tolerance
to —G: impacts is less clear. Medical adverse effects
include cardiovascular, neurologic, and musculoskeletal
consequences Relative bradycardia has been reported
following 15-G peak. 6 1 ms ' impacts (17). This effect
was believed to be vagal-mediated since 1t could be
blocked by the pre-impact adnumistration of the atropine
(22). Intraventncular conduction defects in the form
of bundle branch blocks have been noted following
forward-facing impacts at 11 3-G peak, 142 ms ' (13).

tr in nature and required no treatment Signs
and symptoms of cardiovascular shock have been noted
following — G impacts exceeding 30-G peak with onset
rates of 1.000 Gs ' or greater (21) The involved
subjects were temporarily incapacitated, but vital signs
rapidly improved with recumbency

Temporanly incapacitating neurologic disturbances
have been observed following expenimental and opera-
tional forward-facing impacts Transient visual distur-
bances have been reported after —Gx impacts above
35 G by Stapp (21) and Beeding (2) Reader (16) has
noted anecdotal reports of nappropnate crewmember
behavior resulting from presumed concussion durning
arcraft crashes and ditchings  However, such be-
hawvioral disturbances in a laboratory setting presumably
would be transient and reversible  Musculoskeletal
trauma, wn the form of vertebral compression fractures,
has also been observed after —G: human impact
experniments One fracture occurred at a psak
acceleration below 20 G but with a relauvely high
velocity change of 174 m_. ' (12). Other vertebral
fractures have been observed at peak accelerations in
excess of 30 G with onset rates over 1,000 Gs™' (2).
Although no neurologic sequelac have been reported as
a result of such fractures, the injunes nevertheless carry
the potential for prolonged disability due to chromic back
pain or for permanent neurologic damage

In hght of these considerations, vertebral compression
fracture may kmit — Gx 1mpact tolerance as well as +G:
tolerance, 1n spite of the cardiovascular and neurologic
effects observed at lower peak acceleration levels
Thus, dunng forward-facing 1impact tests, minimzing
seat loads, which are generally reflective of vertebral
loading, appears to be warranted However, probably
equal m mportance 15 the goal of mimmzing body
segment accelerations, particularly head accelerations,
m view of the transient but potentially incapacitating
neurologic consequences of excessive head acceleration
during —G»x impacts

Also, for the purposes of this study, the tendency
toward torso submanming durning forward-facing impact
was cstimated by measurmg displacement of a target
fixed to the subject’s knee A side view of the
impact response (photogrammetric data) was used to
quantify knee displacement from the seat reference
axis Relatively large knee displacement was assumed
to indicate a greater tendency toward submanning and
thus a reduction 1n knee displacement was considered
to be a favorable finding [In summary, the cntical
response parameters in the honizontal test phase were
scat loads, resultant hcad and chest accelerations, and
resultant knee displacement

RESULTS

Selected response parameters from each set of
Wilcoxon companisons are summanzed in Tables 11-VI
Means, standard deviations, and percentage increase
in parameter means are presented tor the peak values
of these parameters. In these tables. an astensh
designates a staustically sigmficant differcnce mn a
response parameter at the chosen confidence level
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q d

Means and d deviations of all 1 and
computed response parameters in these test conditions
have been presented elsewhere (9)

For the 67 tests conducted dunng the honizontal test
phase, the mean peak sled acceleration was 9 48 + 0.08
G wath a velocity change of 9.20 = 0.06 m's™' For the
64 expenmental-level tests conducted dunng the vertical
test phase, the mean peak carnage acceleration was 9.96
+ 006 G, and the velocity change was 8 00 = 0.05
m-s . The impact test conditions dunng both phases of
the expenment, therefore, were well controlled

Horizontal Test Phase

Negative G strap effects are presented in Table II1. In
Wilcoxon comparison A-B, the effects of mncorporating
a negative G strap mto the PCU-15/P torso harness and
lap belt configuration are examined No statistically
sigmificant differences were found 1n veruical seat load
or resultant head or chest accelerations However,
resultant knee displacement was sigmficantly increased
by an average of 11% when the negative G strap was
not used 1n the PCU-15/P configuration Therefore,
addition of the crotch strap to this restraint system
provides more effective pelvic restrant and decreases
the tendency toward torso submanning dunng forward-
facing impact.

In Wilcoxon companson C-D, the influence of the
negative G strap on —Gx response m the conventional
restraint was assessed  Findings among the cntical
response parameters n this companson were similar
to the findings in comparison A-B No statistically
sigmficant changes 1n resultant head or chest accelera-
tions were observed. Resultant knee displacement was,
again, significamly higher without the crotch strap. this
tme by an average of 20%. We, therefore, concluded
that addition of the negative G strap decreased the
tendency toward submanmng. In this companson,
vertical scat load was significantly increased in the
condition with the added negative G strap by an average
of 14% While this could indicate that greater vertebral
column loading may be anticipated when subjects are
exposed to ~G: impacts in a conventional harness with
an added negative G strap, a portion of the increased
seat load may represent vertical components of negative
G strap and lap belt tensions acting through the pelvis
to the scat. The relative contnbutions of these two
potential effects 1s impossible to determine from the
available data However, the second effect s beheved
to predominate purely from geometric considerations

Changes in restraint dynamics due to crotch strap
icorporation were also evaluated The total shoulder
strap load was significantly increased when the negative

TABLE Iil HORIZONTAL TEST PHASE NEGATIVE G STRAP EFFECTS

PCU-15/P CONVENTIONAL
CELL A CELLB CELLC CELL D
RESPONSE PARAMETER WITHOUT WITH % ¢ WITHOUT WITH % 4
(n = 14) (n = 18)
Resultant Head Acceleranon (G) 174 168 4 167 178 7
*44 *44 *36 *54
Resultant Chest Acceleration (G) 246 AR 4 16! 173 7
*45 *52 *22 *21
Total Shoulder Strap Load (N) 2930 3080 5* 2760 3240 17*
*440 *398 *459 *55%
Time to First Peak Shoulder 83 85 2 k3 7 7
Strap Load (ms) *5 *4 4 x4
Total Lap Belt Load (N) 8580 9260 8 7530 8250 10*
+1230 +1610 91 1240
Time to Peak Lap Beit Load (ms) k73 i 3 706 70 0
+4 x4 +4 *3
Vertical Seat Loag (N) 6690 6810 2 5930 6800 14+
* 1040 * 1290 *892 * 1350
(n = 10) (n=15)
Resultant Knee Displacement {cm) 28 224 11 237 197 20
*35 * 34 *53 41
Data presented 2rc means = S D for i loads and duspl. and for time to maximum strap loads

*Means are statistially different by the Wilcoxon paired-replicate rank test (Z:x <005}
**Means are statistcally different by the Wilcoxon paired-rephicate rank test 2a <0 1)
n = number of matched pairs  Value of n 1s diffesent for photogrammetnc data due to partial data loss
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G strap was added to either restraint configuraton The
percentage increase in this load was larger for the con-
ventional harness than for the PCU-15/P configuration
These findings may have been anticipated on the basis
of geometnc considerations Addition of the negative
G strap to the conventional configuration estabhshes a
direct load path from the shoulder straps to the seat,
thereby improving the load-carrymng capability of the
shoulder straps In the PCU-15/P configuration, on
the other hand, there 1s no direct physical connection
between the added negative G strap and the torso
hamess Nevertheless, the total shoulder strap load was
still sigmficantly higher with the added croich strap than
without 1t, probably due to the more effective pelvic
restraint provided by the crotch strap accompamed by an
mncreased forward inertial response of the upper torso
The time to peak shoulder strap load was not
significantly changed when thke negative G strap was
added to the PCU-15/P configuration However, the
time to peak shoulder strap load was sigmificantly
delzyed by an average of 5 ms when the regative G strap
was added to the conventional double shoulder strap
and lap belt configuration Though the latter finding

may have been anticipated because of the direct physical
connection between the torso harness and the negative
G strap, the reason for the increased lag appears to
be more complex. The time history of the shoulder
strap load n the conventional harness was biphasic;
1€., it had two peaks The amphtude of the first peak
was higher 1n 12 of the 18 tests when the negative G
strap was not used (test condition C). However, 1t was
consistently highcr when the negative G strap was used
1 test condition D Therefore, incorporating a negative
G strap into the conventional restraint appeared to
increase the amplitude of the total shoulder strap load
and the time required for that load to reach its peak
value.

The total lap belt load was also sigmficantly increased
when the crotch strap was used in either restrant
configuration These increases may be attributed to
the associated increases n shoulder strap loads in test
conditions B and D.

The differences between the two restraint systems
observed wn the forward-facing tests are presented
in Table IV. In Wilcoxon companson A-C, the two
restraint systenss without added negative G straps were

TABLE IV HORIZONTAL TEST PHASE RESTRAINT CONFIGURATION EFFECTS

WITHOUT CROTCH STRAP WITH CROTCH STRAP
CELL A CELLC CELL B CELLD
RESPONSE PARAMETER PCU-15/P CONV % ¢ PCU-15/P CONV %4
(n = 15) {n = Q)
Reustant Head Acceleration (G) 170 167 2 63 82 12
*37 *35 *41 *56
Rezafrant Chest Acceleraton (G) 245 162 51 262 173 51t
*51 *24 *51 *20
Tetal Sheuider Strap Load (N) 2990 2700 11* 3120 3140 <t
530 *404 +420 *439
Time to First Peak Shoulder 85 73 16°* 85 k) 10
Strap {.0ad (ms) to *16 x4 x5
Total Lap Belt Lo si (N) 8540 7530 13° 9310 8300 12°
*1260 *79% +1590 *1290
Time to Peak Lap Belt & s () 72 70 3 74 2] 7
*4 >4 *4 *3
Negative G Strap Load (N} 604 945 56°
*29 *359
Time to Peak Negative G Strap 243 n7 108*
Load (my) *26 *37
Verucal Scat Load (N) 6590 5940 3 6790 6740 <1
* 1060 * 8§76 *1290 *1350
=11 (n=12)
Resultant Knee Displacement (cm) 248 240 3 234 206 14
*60 *+53 *33 29
Data presented are means *SD for 1 loads, and displ and for ume to maximum strap loads
*Means are statistally d by the Wil d-repl rank test (2 a <005)

**Means are statistcally different by the W|Icoxon paired-replicate rank test (2 a@ <0 1)
n = number of matched pairs  Value of n 1s dufferent for photogrammetne data due to partial data loss
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compared. Vertical seat load was 11% higher for
the PCU-15/P configuration than for the conventional
configuration. This finding may be related to increased
lap beit loads rather than increased spinal loads. Also,
the resultant chest acceleration was 51% higher for
the PCU-15/P configuration. However, no statistically
significant difference was observed in resultant head
acceleration nor was there a sigmficant change in
resultant knee displacement. The latter finding suggests
there 1s no difference 1n anti-submarming performance
between the two restraint configurations Nevertheless,
we concluded that the PCU-15/P configuration 1s inferior
to the conventional hamess by virtue of the chest
acceleration and scat load findings The significantly
lower chest acceleration measured in the conventional
configuration dicates superior coupling of the upper
torso to the seat structure by the two shoulder straps
which are directly hnked to the lap belt i that
configuration.

In companson B-D, the two restraint configurations
with added negative G straps were compared No
statistically sigmficant difference was observed m veru-
cal seat load or resultant head acceleration However,
resultant chest acceleration was sigmficantly ingher in
the PCU-15/P configuration than i the conventional
configuration. In addition, resultant knee displacement
was sigmificantly larger in the PCU-15P configuration,
suggesting a greater tendency toward torso submarnn-
mg In summary, analysis of the critical response
parameters in comparisons A-C and B-D revealed that
the PCU-15/P configuration provided less adequate
forward-facing 1mpact protection than the conventional
configuration, whether or not the negative G strap was
used.

Analysis of the strap loads and times to peak strap
load provided additional supporting ewidence for this
conclusion Total shoulder strap load was sigmificantly
higher in the PCU-15/P configuration compared to the
conventional configuration when the negative G strap
was not used 1 either restraint system (companson A-
C) However, when the negative G strap was added
to both configurations (companson B-D), no significant
difference was observed in the total shoulder strap load
Thus s probably due to the large increase 1n shoulder
strap load associated with adding the negative G strap
to the conventional configuration since a direct load
path 15 estabhshed frem the shoulder straps to the seat
via the negative G strap In addition, time to peak
shoulder strap load was significantly greater for the
PCU-15/P configuration whether or not the negative G
strap was used These findings are consistent with the
mterpretation that the PCU-15/P configuration permits
greater displacement of the upper torso from the seat
before the subject 1s effectively restrained

In both compansons, the maximum lap belt load
was significantly higher and occurred shghtly later n
the PCU-15/P configuration than the conventional con-
figurations These findings also indicate the relatively
poor performance of the PCU-15/P configuration

Finally, in companson B-D, the maximum negative
G strap load was 56% higher in the conventional
configuration than in the PCU-15/P configuration This
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finding was expected since a portion of the shoulder
strap load was carned via the negatve G strap to the seat
structure  Also, the peak negative G strap load occurred
108% later in the PCU-15/P configuration compared
to the conventional configuration. This longer delay
until peak tension in the negative G strap 1s consistent
with the interpretation that the PCU-15/P configuration
permitted more movement of the pelvis duning impact
than the conventional configuration. This finding 1s also
n keeping with the greater resultant knee displacement
seen n the former condition.

Verucal Test Phase

The negative G strap ~ffects observed in the vertical
test phasc are summanred in Table V Results of
adding a negative G strap to the lab beh used with
the PCU-15/P torso harness were obtained 1n Wilcoxon
companson E-F Resultant free-fall seat load was
sigmficantly higher when the crotch strap was used,
wmdicating better man-seat couphing during the free-fall
phase of the expenment In addition, resultant impact
seat load was significantly lower with the added negative
G strap, suggesting less vertebral column loading of
the subjects duning impact Resultant head and chest
accelerations were not significantly different in the
two test conditions On the basis of these data, we
concluded that mncorporation of the negative G strap
improved the vertical impact protection performance of
the PCU-15/P torso hamess and lap belt configuration

In companson G-H, the effect of adding a negative
G strap to the conventional configuration was assessed.
Simlar findings among the critical response parameters
were seen 1n this companson insofar as resultant free-
fall seat load was increased and resultant impact seat
load was decreased when the negative G strap was
used However, the magmitudes of the changes in these
parameters were significantly greater in this companson,
indicating that the negative G strap had an even
greater beneficial effect when added to the conventional
configuration compared to the PCU-15/P configuration
This conclusion was also supported by the findings that
resultant head and chest accelerations were significantly
less when the negative G strap was added to the
conventional configuration. In summary, analysis of the
critical response parameters in these two compansons
revealed that adding the crotch strap to either restraint
system 1mproved man-seat couphing dunng free fall as
well as the vertical impact protection performance of the
restraint system.

Restraint dynamics were clucidated by f 'rther study
of the available data 1n these two compansons. In
companson G-H, addition of the negative G strap
dramatically reduced the total shoulder strap load at
impact This reduction was behieved to be due to better
mechanical couphng of the upper torso with the seat
structure dunng free fall of the impact carnage by virtuc
of the direct load path from the shoulder strap tie-down
point to the negative G strap tie-down point in this
configuration On the other hand, when the crotch strap
was added tc the PCU-15/P configuration (comparison
E-F), the total shoulder strap load was not sigmificantly
changed This finding 1s cc with the fact there 15
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TABLE V. VERTICAL TEST PHASE NEGATIVE G STRAF EFFFCYS

2CU-5P COMYENTION/.L

CEILF CELLF CELL G CELL H

RESPONSE PARAMET»:R WITHOUT WITH % 4 WITHGUT WITH % ¢

n =13 (n =15)

Resultant Head Aceleravon (G) 133 130 2 1228 120 7
*12 *)s *09 =09

Resaltant Chest Acculeration (G) 198 e 2 165 152 9
%2t *te2 *12 *10

Toual Shoulder Strap Loac (N} Py e 3 327 168 95¢
132 13 *+166 +203

Time to Peak Shoulder 8¢ 7* 1 81 97 20*
Strap Load (ms) +11 ~ 1t +10 +12

Total Lap Belt Lead (N) 4 95 25* 559 3 48°
“187 xR *177 +106

Time to Peak Lap Belt Load (1) & ™ 3 73 T 1

“6 falt 1 *13 *14

Resulizat Free-Fali Seat Load N} 1A 1240 13* 1210 1820 50*
2220 * 306 *383 +478

Resultant Impact Seat Load (N) e £5.1 3 8400 7900 6*
= U0 < 1100 +987 *1050

Lo b

Data presented are means £ S D for may vun: ac~ster 2oms, lends, 2:¢ for time 0 maximum strap loads
*Means cre stabstically different by the A ikoox ~1 pai. ¢ -rephcate rank test (2x <0 05)

n = ourber of matched parrs,

no direct connection bztween the shouluer swaps of the
PCU-15/P torso hamess ard the i p belt wath an added
negative G strap,

The timz from the stat >f impact to ssaci ium
shoulder strap load was mcreased sigmeicantly when
the negative G strap was addeC tc rhe conventiona:
configuration {compansca G-H). Thw unme shift
appears to be due to the pnase reationshup beiwesn
the negaive G strap loads and the shculder strap loads
rather than te a change i the stiffness ui the restrzint
configuration

In both companscns, the lap t2lt loags were
sigmficantly higher withou* ibe n>2ative G strap These
findings are consistent with the 13ct thes the negative
G strap shares the loads required *o restran the peivis,
which are generally carried ™y the Lp belt.

Differcnces betweer. the two restraiat svstenis 1 the
vertical test phase are shovn in tabis VI I Wilcoxon
cempanson E-G, the resultaat cnest a celeration and
total shoulder strap lozd wers significuntly -pduced in
the coiventional configuraiion ~ompare ¥ o ine PCU-
15/ configuration. N signiticeat changs was chszrved
i resultant head accelration. Feally, the resciram
free-fali seat Joad was significznny incr ased wnle the
resuitant smpact seat ioad was significamiy Jderreased
in the conventional cunfiyiration ccrapared to the
PCU-15/P casfiguration These iniCings ase conswstont
with the interpretation that the WCU-15.P wonfiyurancn
provides refsuvely poor man-scat 2uplng during free

fall and less adequate vertical impact protection than the
conventional restraint.

Vertical impact response differences in the two
rostraint systems with added crotch straps were assessed
in comparison F-H Based on similar findings among
the critical response parameters, we drew the same
conclusions as in companson E-G  Resultant free-falt
seat load was significantly greater and resultant impact
seat load was significantly less in the conventional
configuration. In addition, resultant head and ckest
accelerations were significantly less in the convantional
configuration compared to the PCU-15/P configuration.
Finally, the dramatic differences in shoulder strap lcad
and negative G strap load seen in companson F-H
deinonstrate the effectiveness of the direct load path
from shoulder strap: to seat via the crotch strap in test
condition H The maximum tension in the negative G
strap was significantly greater and the max:mum load at
the shoulder strap anchor point was significanily less o
the ronventional configuration compared to the ?CU-
15/P osnfiguration

PISCUSSION

These tests demonstrated that negative G ctrap incor-
poration into the PCU-15/P confizuration or the conven-
s10onal configuration reduced the tendency toward tarso
submanmng during forward-facing impact, impro.ed
oecypant-seat coupling during free fall, and improved
tertical impact protection  Dunng the forward-facing
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TAMLE VI VERTiCAL TEST PHASE RESTRAINT CONFIGURATION EFFECTS

WITHOUT CROTCH STRAP WITH CROTCH STRAP
CELLE CELL G CELLF CELLH
RESPCNSE PARAMETER PCU-15/P CONV bX) PCU-15/P CONV % b
= 14) (n = 16)
Resultant Head Acceleration (G) 133 78 4 129 121 7*
*13 *09 *09 *09
Resultant Chest Aaeleranon (G) 199 166 20* 19t 154 24
21 *19 *25 *12
Total Stelder Strap .o2d (N) 46y 365 54¢ 473 179 164*
*+139 *147 143 2R
Time to Peak Shoulder 82 81 i &0 97 23
Strap Load (ms) *16 +10 *11 x12
Total Lay Belt Load (N) 517 554 7 413 30/ 13
180 2183 +19 *112
Time to Peuk Lap Belt Lowd (ms) 65 72 4 3 73 0
x5 *12 *18 *15
Negatwve G Strp Load (N) 181 448 148*
<7 =114
Time to Feak Negatr ¢ G S*rap 17 129 6
Lrad (ms) *28 *14
Resultart Free-Fall ocat Load (N) 080 1230 14 1259 1830 46*
=24 * 37 +3;5 465
Resultant Impact Seat Load (N) 9130 8400 9* :2adl 7850 1
* 1110 * 1020 RSt *1040

Data presented are means = S D for maximum acoelerations, ki-ads, aad for tme to maximum sirap loads
*Means ave statistically different by «he Wilcoxon raired-replicatz rank test (2a <0 £3)

. = number of matched pans

impacts, negative G strap incovporation produced ro
advers. changes mong cntica! response parameters
the PCU-15/P coufiguration and or.ly raised the guestion
of possible performance degradat-cn m the conventiona;
conaguration  No medical contraiadrcation: to aegative
G strap incorporation were founa m this study.

In a concurrent stuay perform«,d on the AFAMRL
Dy Envirc latr, negative G strap
addition to the PCU-15/P confi iguration wis shown to
have a benzficial effect in a susta.ned — 2.0 G: environ-
ment. Arthough no statistically wugmficant differences 14
tracking tosk perfyrmance v.ewe 1cund, subjcct vertical
displecement from the seat was sigmficantly less when
the negative G strap war used (10) Reduced vertical
dispiacement  rom the seat during sustamed —G:
acceleration has also been observed when a crutch strap
was added 1o the U S Navy MA. 2 torso harness (11)

In assessing the utihty of negative G or crotch
strap incorporation 1nto vanous restrant systems, it 1s
uszful to consider tha. the ncgative G strap functions
separately :n the operational and .mpact ccntexts.

In the operationa! context, the percewved vier benefit
of negative G strap mcorporation s the mproved
suppoit dunng —G: acceleracton maneuvers resulting
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from decreased upward rotatien of the lap belt In
some restramt configrrations, notably the conventional
restramn. used n this study, the negative G strap l'nks
the shoulder straps to «he ‘ower seat structure, thereby
permitting shoulder strap loads to be carmied directly to
the seat

In the impact context, the pnmary perceived benefit
of ncgative G strap incorporation 15 to decrease the
hkehhood of torso submanning under the lap belt duning
—Gr impact acceleration By tethenng the lap beit to
the lower seat structure, the negative G strap reduces
the tendency for the lap belt to rotate up and over the
anterior supenor 1hac spies of the pzivis. Duning such
forward-facing «mpacts, shoulder stiap 'oads may also be
carricd to the luwer seat strusture m a manner simitar
1o the sustained —G: case. but the ongin of the —Gx
1oading is different and the load magnitude 1s greatly
mcreascd

The perceived nsk of negative G strap incorporation
1c pnimarily the potential for mjury of the grom or
genitala dunng a — G« 1mipact associaied with ejection
or aircraft crash. Avouding sigmficant submanning
such cases 1s essential to prevent loading of the antenor
abdomtnal wall by the lap belt and, therefore, the nsk of
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significant internal mjury. A correctly designed restraint
does not prevent submanmag by the application of
direct negztive G strap luading of the gemtalia or gromn
Nevertbeless, such loading 1s cuncewvable, particularly
with a loosely adjusizd lap belt or ar mfenior negative G
strap attachm.ent located tco far aft for the crewmember
in question

Limited opsrational expenience with crotch straps has
been accrued i fureign mulitary rervices, notably the
United¢ Kmngdom, and in th: T-38 zircraft previously
vied as USA™ Thunderbirds Thc most extensive
USAF operaiional expeaence with a restramnt harness
which mcorpstates a negatne G strap has beer with
toe hsrmess of the F/FB-111.  Although ejection
expenier e n the F/FB-111 has been assocrated with a
rztatively high rote of venetral fracture among survived
cjectees. ejection-rilatid mjuncs do not commonly
include lesions of the groin or Zenitaha (7,8). Only
oae scrotal laceratica and two thigh contusions may
be attnbuted to the presence of tiic negative G strap
in the F/rB-111 restraint syste The ciew b
whe incured a 5-cni scrotal laceration also suffered
multiple vertebral ‘ractures during a ncar nose-down
lauding irpact of the crew module resulting from a
fatlure of the parachute suspension system. The ejection
da‘a, theretore, suggest that thy F/FB-111 crot-h strap
functioas vithout nroducing ssgmificant injury to the

not a negative G strap 1s used In the conventional
configuration, there 1s better integration of the lap belt
ond shoulder straps, addition of the negative G strap
provides a direct load path by which shoulder strap loads
may oe carried to the seat structure  On the other
hand, in the PCU-15/P configuration the lap belt with
or without the added negative G strap is not directly
attached to the shoulder straps of the torso hamess The
relatively poo: integration among the restraint straps
cavses the PCU-15/P configuration to be a relatively
povr impact protection device. This 1s not surpnsing
<ince the system was originally designed to function as 2
parachute harness Additional research at AFAMRL is
1n progress to identify restraint harness features which
may further improve the performance of currert as well
as future USAF restraint systems
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the shouider strap awichor punt shghtly med:fied) in
all three cardinal axes have not been assocruted with
chmcally significant problems in this region (3)

Never:heless, we cannct quantitatively predict the
operztional injury potertial associated with negztive
G strap addition to the PCU-15/P torso harness and
lap belt configuration, for excmple We presume
that the greatest hikelthood for njury n arn open
ejection seat is duning transient —G. accelerations
result'ng from seat deceleration with drogue parachutes
or from aicraft crash landing  Afl ndications from
the relevant operational and expenimental data are
that operauonal njunes of the groin or gemtaha due
to negative G strap ncorporation will b2 unhkely
Furthermore, those injuries which do occur are likely
to be chimically mconsequential or to be associated
with unrelated but mcre senous injuries n other organ
systcms These conclusnons are predicated on the

proper adjustment and pretensiomng of an

appropratcly dewigned restraint system

On the basis of the these test results and other
available evidence. sufficient benchts appear to denve
from use of the negative G or crotch strap to
warrant a revommendation for its ncorporation into
sclected USAF restraint systems, notably the PCU-
15/P torso harness and lap belt configuration Designs
for ncorporation should be based on knowledgeable
exploitation of potenial benefits and avoidance of
potential hazards

Finally, the conventional double shoulder strap and
lap belt restraint 1s clearly preferable to the PCU-15/P
torso haruess and lap belt configuration as a forward-
facing or vertical impact protection device, whether or
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